Details are given of the results obtained from anaesthetized patients when an electrical impedance pneumograph was used to continuously monitor respiratory pattern. The method was convenient to use, and faithfully followed changes in pattern. It is necessary to calibrate each patient initially against a spirometer or syringe. The impedance pneumograph is particularly useful when a number of physiological signals are being displayed on a multichannel recorder, and it has application in patient monitoring.
For monitoring purposes during surgical anaesthesia, there is a need for a convenient method of recording the amplitude of each tidal volume. This can be displayed on one channel of a multichannel recorder, along with the electrocardiogram and arterial blood pressure. From the respiratory pattern tracing it is possible to derive, either by inspection or electronically, values for the respiratory frequency and tidal volume.
Anemometer-type minute volume recorders are available (British Oxygen Company), but these do not give an indication of the distribution of individual tidal volumes. A graphic record of the respiratory pattern can be obtained by the use of a recording spirometer or by the use of an integrating pneumotachograph (Hill, 1959) . Respiration during the recovery from surgical anaesthesia is sometimes rapid and shallow and this imposes stringent performance requirements upon the spirometer. The cost of a rapidly responding spirometer is of the order of £700. An integrating pneumotachograph offers minimal resistance to the patient's respirations but may require a substantial amount of adjustment for drift if the respiratory pattern changes markedly. Further, its volume calibration is dependent upon the composition of the gas stream passing through it. In either case, measurement by these direct methods requires connection to the patient's airway which entails some degree of inconvenience in addition to the problems already mentioned.
An alternative is the use of an impedance pneumograph (Geddes et al., 1962) . This device measures the changes in transthoracic impedance (AZ) accompanying respiration by detecting the voltage changes produced across two electrodes which are used to apply a constant low intensity sinusoidal current in the frequency range of 20 to 500 kHz across the thorax. The use of a constant current ensures that any potential change recorded is directly proportional to the magnitude of the accompanying impedance change. Previous work (Baker, Geddes and Hoff, 1965) has shown that although the transthoracic impedance at the resting expiratory level contains both resistive and capacitive reactance components, the change in magnitude of the impedance during respiration over the frequency range from 20 to 600 kHz results mainly from a change in the resistive component, the contribution from reactance being minor. It has also been shown (Baker, Geddes and Hoff, 1966) that the relationship between AZ and the respired volume (AV) during spontaneous breathing is essentially linear, although experimental data are fitted somewhat better by a polynomial function. The relationship between AZ and AV must be determined experimentally for each patient for a specified electrode placement. The ratio AZ/AV (fi/1.) has been found to depend upon somatotype. It is larger for thin persons of light build (ectomorphs), somewhat smaller for persons of medium build (mesomorphs), and smaller still for individuals of heavy build (endomorphs); for example, for three normal male subjects fitting these categories, values of approximately 5, 3, and 1 have been reported previously for spontaneous breathing (Baker, Geddes and Hoff, 1966) .
In view of the essentially linear relationship between AZ and AV, a satisfactory calibration of the impedance pneumograph can be obtained from a single simultaneous determination of AZ and AV. In the case of spontaneous breathing in the anaesthetized or unanaesthetized patient, a spirometer or integrating pneumotachograph may be used for calibration. For the anaesthetized and paralysed patient, the tidal volume may be calibrated by means of a large syringe of known volume (400 to 500 ml) which is used to inflate the lungs.
Some investigators (Allison, 1962; Allison, Holmes and Nyboer, 1964; Cooley and Longini, 1967) have attributed the change in impedance during respiration to the increase in resistivity of lung tissue with aeration. Experiments reported by Geddes (1966, 1967) indicate that modifications of thoracic geometry during respiratory movements are more effective in producing the observed impedance change than is aeration of the lungs.
The signal picked up from the pair of electrodes used to sense the transthoracic impedance changes will also contain an electrocardiogram component. If the total signal, suitably attenuated, is taken to an electrocardiograph, the timeconstant of the electrocardiograph will be short enough to eliminate the respiratory component, so that only the electrocardiogram is displayed. A second channel of the recorder is used to display the respiratory signal which is selected by passing the total signal through a long timeconstant. The electrocardiogram obtained is, of course, a non-standard lead and has limited diagnostic value. However, it is useful for monitoring the heart rate and the occurrence of arrhythmias.
The study described in this paper confirms that electrical impedance plethysmography provides a convenient technique for the continuous recording of respiratory pattern during anaesthesia.
METHODS
The impedance pneumograph employed was a modified two-electrode commercial instrument. The modifications improved the constant current characteristics of the instrument and provided more resolution in setting the d.c. output level. After connecting the pneumograph to the patient and adjusting the gain, the instrument was calibrated by disconnecting the patient and substituting a calibrated variable non-inductive resistance. The resistance was then adjusted to produce the same output signal as was obtained at the resting expiratory level of the patient. The value of the resistance thus determined was a measure of the transthoracic impedance in the absence of respiration (Z o ). Having determined Z o , the calibrating resistor was then varied in small steps about the Z o value to calibrate the impedance changes (AZ) accompanying respiration.
Tidal volume calibration with spontaneously breathing patients was carried out using a conventional spirometer fitted with a low inertia potentiometer coupled directly to the pulley wheel. This arrangement was adequate for normal respiratory rates and volumes. Its frequency response was, however, too low for use during the shallow rapid respiration sometimes encountered upon the resumption of spontaneous respiration after controlled ventilation. Under these circumstances, one of us (L.E.B.) has found it necessary to use a more rapidly responding spirometer having a flat frequency response out to 5 c/s. In the case of paralysed patients the calibration procedure was simplified. The lungs were inflated with a Perspex syringe of 400 ml stroke volume connected to the endotracheal tube.
Procedure.
In seven patients undergoing cystoscopy or surgery for urological procedures the respiratory patterns were recorded by means of the impedance pneumograph. For reasons of space, detailed accounts are given in only five cases. The change in transthoracic volume accompanying respiration (AZ) and the electrocardiogram were recorded from a single pair of electrodes consisting of silver discs 3.5 cm in diameter placed bilaterally along the midaxillary lines at the xiphoid level. The electrodes were held in place by a rubber strap, the tension of which was not sufficient to modify normal breathing patterns. A specific protocol could not be completely followed in all cases as the measurements were of necessity carried out as an adjunct to the surgery so that the records taken conformed to the exigencies of the moment. To the extent permitted by time and the requirements of transfer of patients in and out of the operating theatre, the following procedures were carried out. First, simultaneous records of transthoracic impedance changes (AZ) and respired volume (AV) were taken during spontaneous breathing both before and after administration of anaesthesia. Whilst the patient was anaesthetized and relaxed the AZ was recorded for known parameters of intermittent positive pressure respiration (IPPR), by the use of a commercial ventilator having a calibrated stroke volume or by manual operation of a 400-ml syringe. During surgery AZ and the electrocardiogram were continuously monitored. AZ and AV were again measured after surgery upon the resumption of spontaneous breathing. Only the peak values of the AZ and AV waveforms were selected for analysis.
RESULTS
In practice, operation of the impedance technique for monitoring respiration during surgery proved to be convenient, simple and reliable. Little trouble was experienced from movement artefacts and the placement of the electrodes did not interfere with abdominal surgery. As was to be expected, large deflections of the recording pen occurred during the use of surgical diathermy.
Because the impedance across the electrodes was rather low, it was possible to place the impedance pneumograph and recorder 25 or more feet away from the patient and make connection by a pair of insulated but unshielded wires. By this means, hum-free recordings of both the respiratory signal and the electrocardiogram were easily obtained. This is an advantage when a central recording room is in use.
In a large (obese) patient, the placing of the electrodes to provide the optimum respiratory signal was somewhat critical in that the signal amplitude for all thoracic locations was very small and of essentially the same value during spontaneous breathing. An electrode placement chosen to monitor spontaneous breathing proved unsuitable for obtaining a signal after the patient had been paralysed and intermittent positive pressure ventilation instituted. To handle situations of this kind, it is recommended that several pairs of "stick-on" electrodes be applied and the best pair selected. Dry, multipoint electrodes (Lewes and Hill, 1967) are also convenient for use with an impedance pneumograph.
Of the patients upon whom recordings were made the following are of special interest because of the variety of tests carried out.
Results from patient No. 1.
39-year-old male, height 6 ft. (183 cm), weight 180 lb. (82 kg), undergoing parathyroidectomy.
During spontaneous breathing before anaesthesia, a value of AZ/AV = 3.65 H/l. was the average of six AZ/AV values obtained from six corresponding peak values of AZ and AV. After administration of thiopentone AZ assumed a steady, almost sinusoidal pattern. The injection cf suxamethonium produced apncea which was well shown in the AZ record. Compression of the reservoir bag during this period was also well shown in the AZ record. The administration of tubocurarine 30 mg and the subsequent muscle paralysis necessitated the use of a pulmonary ventilator. The responses of the patient to IPPR for various time patterns of inspiration and expiration as the tidal volume was permitted to vary are shown in table I. In tables I-IV, the duration of inspiration was held constant, whilst the duration of expiration and the post-expiratory pause were altered. The relationship between AZ and AV is well characterized by a straight line with a slope of 2.27 as shown in figure 1. Table II shows the data obtained as the tidal volume was permitted to vary slightly while the maximum inspiratory pressure available from the ventilator was applied to the curarized patient. The value of this pressure as measured at the patient's endotracheal tube was approximately 45 cm H,O. Expiration was passive. These data show that if essentially the same tidal volume was maintained, the resulting values of AZ/AV were not greatly different regardless of the programmed breathing pattern of the ventilator. This was a Dniger Narcose-Spiromat and allowed the pattern of ventilation to be widely and reproducibly varied. Table III shows the effect of utilizing negative pressure to "assist" expiration. The tidal volume was allowed to assume arbitrary values for each setting of the ventilator respiratory cycle. These data indicate that the use of negative pressure during the expiratory phase produced smaller amplitudes of AZ, and hence AZ/AV, than did inflation followed by passive expiration. For tidal volumes below 0.7 1., the AZ amplitude was too small to extract a meaningful measurement from the noise level. This finding is interpreted as being associated with a reduction in end-expiratory volume of the lung produced by the negative pressure so that, upon inflation, the increase in thoracic volume started from some new lower initial level than was the case with passive expiration. Table IV lists the data obtained when the ventilator was set to provide maximum possible inspiratory and expiratory pressures. These pressures were +25 and -25 cm H 2 O. The AZ/AV values, as was noted in table III for negative pressure expiration, are seen to be lower than obtained for purely passive expiration. In fact, it was necessary to maintain relatively high values of tidal volume in order to obtain AZ records having sufficient amplitude for measurement.
These data indicate that the use of maximum positive and maximum negative pressure produced the smallest amplitude AZ and smallest AZ/AV ratio of all the experimental arrangements. The reason for this is believed to be (as stated in the discussion of table III) the reduced initial inflation of the thorax. Table V shows the return to the customary IPPR inflation pressure of 28 cm H,0 and passive expiration. Note that for the respiratory cycle used the ratio AZ/AV was found to be 1.9 fi/1. as compared with 2.2 fi/1. measured under essentially similar conditions as shown in table II.
With the resumption of spontaneous breathing after surgery and upon connection of the patient to the spirometer, the ratio AZ/AV was found for five consecutive corresponding values of AZ and AV to average 2.45 fi/1.
Table VI summarizes some of the average values of the AZ/AV ratios found. This listing shows that the highest value of AZ/AV was found in the conscious patient before anaesthesia. Upon the administration of anaesthesia and a muscle relaxant and the use of IPPR, the values of AZ/AV were reduced approximately 1 fi/1. The reason for this is believed to be that there was a change in effective electrode level resulting from the loss of muscle tone in the curarized parent. The impedance pneumograph used pro- vided a d.c. response so that any significant is from patient No. 3, a 73-year-old male, changes in thoracic geometry associated with 5 ft. 5 in. (68 cm) in height and weighing 119 lb. muscle relaxation would be expected to register. (54 kg), and shows the cessation of spontaneous For this patient, no shift in the thoracic breathing following administration of suxamethimpedance from the resting expiratory level was onium. The decrease in Z o attending the musobserved as the muscle relaxant took effect. It cular relaxation is 2 P-. The inflation of the lungs must be concluded, therefore, that loss of muscle by manual squeezing of the anaesthesia bag is tone did not alter the effective electrode level but well demonstrated, as is the change in impedance that the smaller changes in AZ during IPPR produced by inflation from a 400-ml syringe. The resulted from the manner in which the thoracic AZ/AV coefficient determined from the syringe geometry was passively altered by forcing air at inflation is 14.5 O/l. This value is somewhat positive pressure into the trachea. There is no larger than that measured before the administrareason to believe that the same geometrical tion of anaesthesia (11.3 n/1.). It is quite likely changes would necessarily be produced by active then that in this instance relaxation of the thorax contraction of the diaphragm and passive inflation caused a shift in the effective electrode level to of the relaxed thorax with positive pressure. one more favourable for obtaining the maximum In at least two other patients, however, a shift AZ signal. in the resting thoracic impedance was observed as
The conclusions reached from an analysis of the patients' muscles became paralysed. An the records obtained from patient No. 1 are as example of this is shown in figure 2 . This record follows: (1) The surgical procedure for parathyroidectomy, with the exception of the use of the diathermy, did not interfere with recording AZ.
(2) The ratio of AZ/AV (3.65 0/1.) was higher for conscious spontaneous breathing than for IPPR (2.30 0/1.) in which expiration was passive.
(3) AZ/AV for spontaneous breathing during anaesthesia (2.45 0/1.) was essentially the same as for IPPR with passive expiration.
(4) The ratio of AZ/AV with IPPR and negative pressure during the expiratory phase was lower than for IPPR with expiration passive. With the use of negative pressure expiration, the AZ signal was lower in amplitude although the waveform continued to follow the pattern set by the ventilator. The reduction in the AZ signal and the consequent reduction of the AZ/AV ratio in this instance is attributed to the reduction in lung volume at the end of the expiratory phase. With the initial lung (and hence thoracic) volume reduced, the subsequent AZ for any given tidal volume was accordingly lower. The AZ signal followed the ventilator pattern very closely in all cases in which passive expiration was employed.
Results from patient No. 2.
54-year-old female undergoing surgery for open removal of bladder stone.
Before beginning the measurements of AZ and AV, thiopentone and tubocurarine 25 mg had been given. The ventilator was set to deliver a tidal volume of 0.725 1. (nitrous oxide-oxygen) at 12 b.p.m. The inspiratory cycle was set at 1.5 sec and the expiratory at 3.5 sec. The positive pressure for inflation was 15 cm H 2 O. Expiration was passive. Twice the ventilator was momentarily disconnected, and the lungs were inflated manually by a 400-ml syringe filled with air so that this method of calibration might be compared with that determined from the ventilator. In order to determine the manner in which the AZ signal followed the inspiratory-expiratory pattern set on the ventilator, the tidal volume was set at 0.725 1. and the inspiratory and expiratory times were varied. The sum of inspiratory and expiratory times was always 5 sec which maintained the ventilation rate of 12 b.p.m. As a means of assessing the manner in which AZ varied with AV for a fixed respiratory pattern, the inspiratory and expiratory times were maintained at 1.5 and 3.5 sec respectively as AV was set at 0.500, 0.725, and 1.000 1. The values of AZ taken were peak values.
The conclusions reached from an analysis of the records of patient No. 2 are as follows:
The value of AZ/AV for spontaneous breathing upon recovery after surgery was 4.62 O/l. based on an average of the corresponding peak values of AZ and AV for five sample breaths. This value may be compared with 2.83 O/l. produced by IPPR from the ventilator measured during surgery.
The values of AZ/AV obtained by maintaining the ventilator tidal volume setting at 0.725 1. and the respiratory rate at 12 b.p.m. while setting different ratios of inspiratory to expiratory time are shown in table VII. Shown also is the AZ/AV produced by momentarily stopping the ventilator and inflating the lungs with room air by manual operation of a 400-ml syringe. These values show that the AZ/AV ratio was not significantly dependent upon the inspiratory-expiratory time cycle. Also, the value of AZ/AV = 2.5 O/l. obtained by use of the syringe compares well with the other values. Figure 3 shows superimposed records of AZ for tidal volumes of 0.500, 0.725 and 1.000 1. for a respiratory cycle of 1.5 sec inspiration and 3.5 sec expiration. The AZ records of any given respiration pattern are all similar. The maximum inflation pressure was 15 cm H 2 O and expiration was passive. These records also show that the impedance changes faithfully follow the programmed respiratory cycle of the ventilator. Figure 4 shows the peak values of AZ from these records plotted against tidal volume. Over the range of tidal volumes measured, the relationship between AZ and AV is well characterized by a straight line as shown. The impedance signal is therefore a good monitor of the tidal volume set by the ventilator and indicates the volume of gas mixture actually reaching the patient.
In Figure 5 are shown superimposed records of AZ for various respiratory cycles in which the time periods of inspiration and expiration were varied but the sum of the two periods was maintained at 5 sec. The tidal volume was constant at 0.725 1. These records show that the peak amplitude of AZ is not dependent upon the inspiratory-expiratory time pattern. This demonstrates again the faithful manner in which the impedance signal follows the ventilator setting. 
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DISCUSSION
Calculation of AZ/AV from five corresponding values of AZ and AV which were of approximately the same amplitude resulted in an average value of 4.62 fi/1. for spontaneous breathing. These measurements were made during the patient's recovery after anaesthesia. This value may be compared to 2.83 fi/1. obtained during IPPR with use of the ventilator. The value of AZ/AV = 4.62 fi/1. may also be compared with the values shown in table I and figure 2 obtained during operation of the ventilator. Such a comparison indicates that AZ/AV is greater for spontaneous respiration than for IPPR. In this instance there are at least two possible explanations.
(l)It was found experimentally'that the spirometer system consisting of bell, counterbalance weight, connecting hose, and patient's facepiece did not have sufficiently rapid response to follow the impedance changes faithfully. Simultaneous records of AZ and AV taken from rapidly responding spirometers have shown that these two signals are essentially in phase (Baker, Geddes and HorT, 1965) . For breathing rates in excess of approximately 12 b.p.m., a noticeable phase shift between AZ and AV was often seen as well as a smoothing or rounding of the AV signal. Both of these signs point to a lack of frequency response in the spirometer system. Accordingly, the values of AV for the spontaneous breathing rate of 19 b.p.m. as was reached in this instance would be somewhat lower than the true values, which would produce a higher calculated value of the ratio AZ/AV. There are two common reasons for spirometer system errors in this regard: (a) spirometer counterweight is incorrect; or (b) excessive damping in the facepiece resulting from efforts to make the system leak-proof. Reason (b) is the more probable considering the performance of Sec normal, conscious volunteer subjects familiar with the equipment from whom AZ and AV records were obtained.
(2) The effective electrode level of the thorax may well change upon the administration of anaesthesia as the accompanying loss of muscle tone may result in a rearrangement of viscera (however slight), especially the liver and diaphragm. In the ectomorphic human (thin body build) and in the dog, and for pairs of electrodes arranged along the midaxillary lines, the maximum value of AZ/AV is sharply localized to a segment approximately at the xiphoid level. Slight displacement of the liver, diaphragm and other viscera occurring with muscle relaxation might effectively alter the geometrical relationship of the electrodes to the tissues and organs-and in this manner change the recorded value of AZ and hence the ratio AZ/AV. A simultaneous record of AZ, AV and the e.c.g. is shown in figure 6 taken prior to administration of anaesthesia. The measured transthoracic impedance at the resting expiratory level was 140 a The ratio AZ/AV (0/1.) was calculated for five simultaneous peak values of AZ and AV. The average value of these five values was 3.34 fi/1. Figure 7 shows the AZ signal and the e.c.g. immediately after administration of thiopentone solution and before the insertion of an endotracheal tube. This record shows periodic breathing which was accompanied by loud snoring indicating partial obstruction of the airway. Figure 8 shows a simultaneous record of e.c.g., AZ and AV taken immediately after establishing an unobstructed airway. It will be noted that the Figure 9 shows e.c.g., AZ and AV recorded in the operating room shortly before surgery. Note that the periodic respiration had given way to shallow rapid breathing at a rate of approximately 30 b.p.m. The e.c.g. leads were inadvertently reversed in reconnecting the electrodes after moving the patient into the operating room. The average value of AZ/AV was found to be 1.57 0/1. It was also found that the character of the breathing was becoming more abdominal and the AZ signal was of small amplitude. Figure 10 shows a record obtained under these conditions. The average of five AZ/AV ratios is 0.92 0/1. After a short period the breathing became more markedly abdominal and the AZ signal all but disappeared. This emphasizes the need for the installation of several pairs of "stick-on" electrodes which will permit the selection of the pair affording the maximum signal. Experience has indicated that with the loss of muscle tone accompanying anaesthesia, the relative placement of the surface electrodes with respect to the internal organs may be different and, in general, the more abdominal the breathing the lower the electrodes must be placed on the thcrax to maintain a given amplitude of the impedance signal.
After anaesthesia there was a return to rapid shallow abdominal breathing as shown in figure  11 . In this case the average of five AZ/AV values yielded 1.2 O/l. The findings from this series of records are summarized in table VIII. Figure 12 shows the e.c.g., AZ and AV before anaesthesia. The average value of nine values of the AZ/AV ratio was 9.6 O/l. The breathing rate was approximately 11 b.p.m. Figure 13 shows the slow deep respiration immediately after the administration of thiopentone and before the insertion of an airway. This breathing was accompanied by loud snoring. A period of apnoea followed the administration of suxamethonium during which the endotracheal tube was inserted and the lungs were ventilated from the anaesthesia bag. The basal impedance Z o decreased approximately 20. as complete muscular relaxation occurred. The changes in impedance produced by squeezing the reservoir bag are shown in figure  14 , the record being taken during surgery while the patient was paralysed. The impedance-volume calibration for this patient while paralysed is shown in figure 15 . This record was obtained by manually inflating the patient with a 400-ml syringe. The AZ/AV ratio obtained was 5.8 O/l. This may be compared with the value of 9.6 O/l. obtained with conscious spontaneous breathing. Note the complete absence of a respiratory AZ signal except when air is moved into or out of the patient. It is of interest to point out in figure 14 that the e.c.g., as recorded from the same electrodes as the impedance signal, shows extrasystoles. This is more apparent in Figure 16 which was recorded a few minutes later after the effect of suxamethonium waned and the patient resumed spontaneous breathing. This record points out the large amount of information regarding the electrical behaviour of the patient's heart and the movement of respiratory air available from a single pair of electrodes applied to the surface of the thorax.
A summary of the data obtained from the seven patients is shown in table IX. 
Airway obstruction.
Since the impedance method does not monitor the movement of tidal air directly, its use for monitoring the onset of a respiratory obstruction in a patient requires care. Farman and Juett (1967) report that impedance monitoring made ctanges occurring in the tidal volume and upper airway resistance immediately apparent. In their report a tracing is shown in which clamping of the endotracheal tube caused a marked diminu-tion in the impedance signal. Bethune and Collis (1967) published an impedance tracing which was virtually unaltered during the period for which the tube was clamped. A tracing has been obtained by one of us (D.W.H.) in which the impedance signal continues little altered for 19 sec after clamping of the tube as shown by the integrated pneumotachograph signal. After 19 sec, marked abnormal respiratory movements occurred. Abnormal movements of the thorax can be clearly discerned in figure 17 which shows a period of quiet breathing suddenly interrupted by coughing in a patient in the recovery room after surgery. When obstruction is a possibility, and monitoring is in the hands of a nurse, it may be safer for the patient to wear a disposable oxygen mask carrying a thermistor probe. The absence of tidal air from the nose or mouth can then be simply arranged to trigger an alarm after, say, 6 seconds.
Conclusions.
The method of measuring transthoracic electrical impedance changes to monitor the tidal volume of anaesthetized patients has been shown to work well in practice. It is necessary to calibrate the system for each patient, but this is easily done when a relaxant drug has been administered. Movement artefacts presented no problems in practice, and recording could be made at a distance from the patient.
